A new method (NADC) for isolation of Mycobacterium paratuberculosis from fecal samples is described and evaluated using fecal samples from a known paratuberculosis-infected herd of cattle. The NADC method includes centrifugation of the total fecal sample supernatant and use of a 2-step decontamination protocol. The growth rate of M. paratuberculosis and contamination rate of cultures when using this method are compared to 3 other published methods: sedimentation, centrifugation, and Cornell. Sensitivity was lowest for the Cornell method precluding detection of some low shedders; however, contamination was not observed for this method. Contamination was the most severe in samples processed by the centrifugation method but was also high for the sedimentation method, resulting in unreadable culture tubes for some fecal samples. The NADC method was 10-fold more sensitive for detection of M. paratuberculosis colonies and contamination was significantly reduced compared to other 3 methods.
Johne's disease in cattle is characterized by a chronic granulomatous enteritis caused by the acid-fast bacterium, Mycobacterium paratuberculosis. 3 Typically, cattle become infected as young calves via fecal-oral transmission of the organism and may remain subclinically infected for long periods of time, shedding low numbers of organisms before progression to the terminal stage of infection. Clinical disease is characterized by profuse, nontreatable diarrhea with a high level of bacterial shedding, emaciation, and eventual death. Johne's disease causes major economic losses each year to the dairy and beef cattle industry due to decreased milk production and an increased incidence of mastitis and reproductive disorders leading to increased calving intervals when compared to noninfected cattle. 1, 2, 11 Although the economic impact of paratuberculosis on the national cattle industry has not been determined, it is estimated that annual losses in the USA exceed $1.5 billion. 5 Diagnosis of subclinical paratuberculosis presents a major problem in control of this disease. Immunologic assays such as enzyme-linked immunosorbent assay (ELISA), agar gel immunodiffusion assay (AGID), and complement-fixation test (CF), all of which rely on the presence of antibodies to M. paratuberculosis in the serum, are commonly used to diagnose paratuberculosis in a herd. 4 However, because infected animals generally do not produce measureable antibody titers until the latter stages of disease, these tests are ineffective in detecting subclinical infection in a herd.
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Received for publication September 10, 1996. Currently, cultivation of M. paratuberculosis from fecal or tissue specimens is the most definitive method for detecting animals with Johne's disease. The procedure requires 8-16 weeks of incubation and a specialized medium for propagation of the organism. In addition, contamination is often a problem when culturing M. paratuberculosis from fecal specimens, and it is estimated that fecal culture detects only about 50% of cattle infected with paratuberculosis. 13 Despite some of these disadvantages, fecal culture is still considered the most reliable test for the detection of subclinically infected animals and remains the ''gold standard'' diagnostic test for Johne's disease in research and diagnostic laboratories in this country. 3, 4 Because of this, researchers have strived to improve cultivation efficiency by modifying the procedures for isolation of M. paratuberculosis from fecal samples as well as the growth medium for culture. In this study, we describe a new method for culturing M. paratuberculosis from fecal samples (NADC method) and compare this with 3 other published methods.
Materials and methods
Fecal samples (ca. 20 g) were obtained from herds of known paratuberculosis infection. Feces were collected from each animal rectally using a clean, dry examination glove. Fecal samples were placed into clean plastic storage containers with flip-top lids a and stored at Ϫ70 C until they were processed. Each fecal sample was processed by 1) sedimentation, 2) centrifugation, 3) Cornell, and 4) NADC.
Sedimentation method. Fecal samples of 1 and 2 g were measured into 50-ml sterile, conical centrifuge tubes b containing 35 ml sterile, deionized water and evaluated to determine the optimal amount of feces to process within each method. Tubes were placed in a rack and shaken on a hor- * This ratio represents the number of animals with positive fecal cultures out of the total number (n ϭ 24) of animals tested. Cultures are considered positive when any 1 of 4 culture tubes per animal izontal shaker for 30 min at room temperature (22 C). Tubes were returned to an upright position and the sample suspension allowed to settle for 30 min. Five milliliters of the upper portion of the supernatant was then transferred to a new 50-ml centrifuge tube containing 25 ml 0.9% hexadecylpyridinium chloride (HPC), c a commonly used decontaminant in fecal culture procedures. Tubes were vortexed to thoroughly mix the sample with the HPC and then maintained in an upright position at room temperature for overnight decontamination (16-24 hr). Agar slants containing Herrold's Egg Yolk Medium (HEYM) with 2 mg/liter mycobactin J d were then inoculated in quadruplicate with 0.1 ml of the sediment at the bottom of the sample tubes. Inoculated tubes were incubated at 37 C in a horizontal position for 1 wk with loose caps to permit evaporation of residual moisture on the surface of the medium. Caps were then tightened, tubes were returned to an upright position, and incubation of samples continued for a total of 12 wk. Tubes were examined every 4 wk and colonies were enumerated using a dissecting microscope at 25ϫ magnification.
Centrifugation method. This method is consistent with the protocol described above up to the decontamination procedure. After overnight decontamination with HPC, sample tubes were centrifuged at 1,700 ϫ g for 20 min. The supernatant was decanted and the pellet was resuspended in 1 ml of amphotericin B c (50 g/ml) and 0.2 ml of suspension was inoculated onto 4 tubes of HEYM. Samples were then incubated as previously described.
Cornell method. Fecal samples were prepared by the previously described methods except that 0.9% HPC for the decontamination step was prepared in brain heart infusion broth e (BHI, 1.9% solution; HPC-BHI). After overnight decontamination at 37 C, samples were centrifuged at 1,700 ϫ g for 20 min. After removing the supernatant, the pellet was resuspended in 1 ml of antibiotic mixture containing 100 g/ ml naladixic acid, c 100 g/ml vancomycin, c and 50 g/ml amphotericin B. c After overnight incubation at 37 C, 4 tubes of HEYM containing naladixic acid (50 g/ml) and vancomycin (50 g/ml) were inoculated with 0.2 ml of suspension. Samples were then incubated as previously described.
NADC method. Fecal samples (1 or 2 g) were added to 35 ml sterile deionized water, shaken, and allowed to settle at room temperature for 30 min each. After settling, the entire supernatant fraction (25-30 ml) was removed and placed in a clean 50-ml tube. Samples were then centrifuged at 1,700 ϫ g for 20 min, the supernatant was decanted, and the pellet was resuspended in 30 ml 0.9% HPC-BHI solution. After overnight decontamination at 37 C, samples were centrifuged at 1,700 ϫ g for 20 min. After supernatants were removed, pellets were resuspended in 1 ml antibiotic solution (100 g/ml naladixic acid, 100 g/ml vancomycin, 50 g/ml amphotericin B) and incubated overnight at 37 C. Sample suspensions (0.2 ml) were inoculated onto 4 tubes of HEYM containing naladixic acid (50 g/ml) and vancomycin (50 g/ml) and incubated as previously described.
Comparative assessment of 4 methods. Fecal samples for experimental use were collected from 2 cows in a control herd at the NADC that was confirmed paratuberculosis-free by biannual fecal culture. Samples were weighed out (1 or 2 g) and added to 35 ml sterile deionized water in 50-ml tubes. A stock culture of M. paratuberculosis (10 8 colonyforming units [CFU]/ml) isolated from the ileum of an animal with clinical paratuberculosis f was sonicated and serially diluted in phosphate-buffered saline (PBS, pH 7.2). Bacterial dilutions were confirmed by inoculation of 0.1 ml of each dilution onto 2 tubes of HEYM with and without naladixic acid and vancomycin. One milliliter of each 10-fold bacterial dilution (10 8 -10 1 ) was then added to tubes of diluted fecal samples. Fecal samples spiked with M. paratuberculosis were then processed by each of the 4 described methods. Agar slants were examined weekly for bacterial growth for 12 wk and the results were recorded.
Statistical methods. Chi-squared test for independence g was performed on data from the comparison of the 4 methods of fecal culture of 1-or 2-g samples.
Results
The appearance of M. paratuberculosis colonies from fecal samples (1-g sample size) obtained from 24 cows in a known paratuberculosis-infected herd was significantly (P Ͻ 0.01) affected by the method of isolation used and the length of incubation (Table 1) . Isolation of M. paratuberculosis via the NADC method consistently detected the greatest number of positive samples at any point of incubation in this experiment. Detection sensitivity was markedly reduced (P Ͻ 0.01) at all time points when isolations were performed by the Cornell method. Although detection of M. paratuberculosis was less sensitive for the sedimentation and centrifugation methods compared to the NADC method, sensitivity was still better than that achieved by the Cornell method. The maximal number of positive samples within each method of isolation was found after 6-8 weeks of incubation. Reductions in sensitivity of detection were observed for the sedimentation and centrifugation methods after 8 weeks of culture due to the high degree of contamination. Contamination of fecal cultures increased incrementally over the 12-week incubation period for both the sedimentation and centrifugation methods (Fig. 1) . Isola- * This ratio represents the number of animals with positive fecal cultures out of the total number (n ϭ 24) of animals tested. Cultures are considered positive when any 1 of 4 culture tubes per animal tions performed by the NADC method resulted in minimal contamination of cultures and no contamination was observed in fecal cultures processed by the Cornell method. An increase in fecal sample size to 2 g produced a similar pattern of results for each method tested (Table 2 ). Increasing the sample size augmented the number of paratuberculosis isolations from fecal samples for each method. However, it also escalated the rate of contamination at a much faster rate than the 1-g sample size (data not shown).
Fecal samples (1 and 2 g) obtained from 24 cows in the known paratuberculosis-infected herd described above were processed by the NADC method of isolation of M. paratuberculosis and compared for sensitivity of detection (Table 3 ). After 8 weeks of incubation on HEYM, the 2-g sample size resulted in increased colony counts for most of the samples tested. The increase in fecal sample size heightened sensitivity of the fecal isolation for the NADC method, with presence of colonies noted for samples from some animals that were not detected in 1-g sample isolations.
One fecal sample of the 24 samples tested contained only partial contamination, so this did not affect read- ing the culture tubes for that animal at 8 weeks of incubation.
Results from a comparison of the 4 different methods of isolation of a control fecal sample spiked with a known amount (10 8 CFU/ml) of M. paratuberculosis, serially diluted, and inoculated onto HEYM are shown in Table 4 . After 4 weeks of incubation, positive colonies were detected in cultures isolated by the sedimentation method when the spiked fecal sample was diluted to contain 10 5 CFU/ml. The centrifugation method was more sensitive (10 4 CFU/ml); however, contamination was observed in tubes inoculated with 10 7 and 10 8 CFU/ml dilutions of the spiked fecal sample. Sensitivity was reduced in the samples prepared by the Cornell method to 10 7 CFU/ml. The NADC method of culturing M. paratuberculosis from the fecal sample was equally as sensitive as the centrifugation method (10 4 CFU/ml) without any contamination.
After 8 weeks of incubation, growth was noted on cultures from dilutions of the fecal sample to 10 4 CFU/ ml for all methods of isolation tested. The centrifugation and NADC methods were more consistent in the number of colonies recovered on the agar slants for this dilution when compared to the sedimentation and Cornell methods. Culture readings were Ն175 CFU/ml (the equivalent of ''too numerous to count,'' or TNTC, in our laboratory) for both of these methods at the 10 6 CFU/ml dilution level; however, contamination was a common factor in the centrifugation method. Following 12 weeks of incubation a final reading was taken of cultures. The NADC and centrifugation methods were the most sensitive methods for isolation of M. paratuberculosis from the fecal sample with similar colony counts recorded for each. However, gross contamination was noted throughout the cultures regardless of dilution for the centrifugation method. The sedimentation and Cornell methods had reduced sensitivities compared to the other methods, with the Cornell method the least sensitive. Contamination was also problematic for the sedimentation method at several dilution levels during the 12-week incubation period.
Discussion
Since the first isolation of M. paratuberculosis in 1910, many adaptations to the original culture method have been implemented. 16 Due to the fastidious nature of M. paratuberculosis and its unique growth requirements, isolation of a primary culture may take up to 16 weeks. Therefore, it has been the objective of numerous studies to determine specific media components that might expedite the growth of this bacterium. The first successful isolation of M. paratuberculosis was accomplished using an inspissated egg-based medium containing M. tuberculosis, a source of mycobactin. 17 An egg-based medium (HEYM) has been the predominant medium of isolation since that time. Improvements in isolation methods have involved evaluation of various media components such as mycobactin and other iron sources; protein sources such as liver, lymph node, or serum; and egg components. 6, [8] [9] [10] In addition, decontamination of tissue or fecal samples prior to isolation of M. paratuberculosis was a significant problem that interfered with cultivation of the bacterium. Various methods of reducing bacterial and fungal contamination, including oxalic acid, NaOH, sodium hypochlorite, phenol, benzalkonium chloride, and HPC, have been evaluated for isolation of M. paratuberculosis with most diagnostic laboratories relying heavily on the latter 2 methods. 12, 15 Cur-rently, most laboratories use HEYM supplemented with mycobactin J (extracted from M. paratuberculosis strain 18) as the basic growth medium.
A major problem in diagnostic laboratories is the lack of continuity in the method of isolation of M. paratuberculosis from submitted samples. Differences in isolation methods or handling of the samples often results in unreliable estimates of infection in a herd. As a potential resolution of this discord, the sedimentation method was suggested as a standardized procedure for fecal isolation by a national laboratory. 18 Yet a number of laboratories continue to use methods that have been independently developed or modified. In 1988, addition of a centrifugation step during the isolation procedure increased sensitivity of detection 3-fold when compared to the sedimentation method. 19 An increase in contamination rate was noted for samples processed by the centrifugation method although less than 10% of culture tubes were affected. In contrast, a later study demonstrated a significant increase in contamination (60% vs. 26%) in fecal samples prepared for culture by the centrifugation method compared to those processed by the sedimentation method. 7 Further experimentation demonstrated that the addition of miconazole to HEYM was effective in reducing contamination when the centrifugation method was used. Similar to our findings, centrifugation of fecal samples heightened the sensitivity of detection compared to sedimentation, allowing for identification of animals shedding very low numbers of organisms in their feces. However, overall detection rates were similar between methods because of the high contamination rate in centrifugation samples. 7 Concurrently, a new method (Cornell) introduced to reduce contamination in fecal cultures involved a 2-step decontamination process. 14 Fecal inocula were initially decontaminated by incubating overnight in BHI broth containing vancomycin, nalidixic acid, and amphotericin. Samples were then inoculated onto HEYM containing the same antimicrobials. Using this technique, contamination rates were reduced to less than 2%. No data were reported on effects of this technique on sensitivity of detection of M. paratuberculosis in fecal samples. Our data clearly indicate that the Cornell method is less sensitive than the NADC, sedimentation, or centrifugation methods, particularly for detection of subclinically infected animals. Use of this method could lead to inaccurate diagnosis of animals that are shedding low numbers of organisms in their feces.
Advances in culture of M. paratuberculosis from fecal samples have been impeded by the unique growth characteristics of this bacterium. In addition, the need for a protracted incubation period to culture this organism has lead to numerous studies searching for the proper combination of antimicrobials that will effectively inhibit bacterial and fungal contaminants without affecting growth of the primary isolate. We have modified the current methods for isolation of M. paratuberculosis from fecal samples by centrifuging the entire sample supernatant rather than a minor portion of it and incorporating the 2-step decontamination protocol defined in the Cornell method. This methodology has successfully increased the sensitivity of detection with a concomitant reduction in contamination. Although contamination may be somewhat higher, we recommend using 2-g fecal samples rather than 1-g samples with this method to improve detection of subclinically infected animals.
